1. Characterising patterns of animal movement is a major aim in population 22 ecology, and yet doing so at an appropriate spatial-scale remains a major 23 challenge. Estimating the frequency and distances of movements are of particular 24 importance when species are implicated in the transmission of zoonotic diseases. 25 2. European badgers (Meles meles) are classically viewed as exhibiting limited 26 dispersal, and yet their movements bring them into conflict with farmers due to 27 their potential to spread bovine tuberculosis in parts of their range. Considerable 28 uncertainty surrounds the movement potential of badgers, and this may be related 29 to the spatial-scale of previous empirical studies. We conducted a large-scale 30 mark-recapture study (755km 2 ; 2008-2012; 1,935 capture-events; 963 badgers) to 31 investigate movement patterns in badgers, and undertook a comparative meta-32 analysis using published data from 15 European populations. 33 3. The dispersal movement (>1km) kernel followed an inverse power-law function, 34 with a substantial 'tail' indicating the occurrence of rare long-distance dispersal 35 attempts during the study period. The mean recorded distance from this 36 distribution was 2.6km., the upper 95%ile was 7.3km and the longest recorded 37 was 22.1km. Dispersal frequency distributions were significantly different 38 between genders; males dispersed more frequently than females but females 39 made proportionally more long-distance dispersal attempts than males. 40 4. We used a subsampling approach to demonstrate that the appropriate minimum 41 spatial-scale to characterise badger movements in our study population was Author Posting. meta-analysis indicated a significant association between maximum movement 44 distance and study area size, while controlling for population density. Maximum 45 long-distance movements were often only recorded by chance beyond the 46 boundaries of study areas. 47 5. These findings suggest that the tail of the badger movement distribution is 48 currently underestimated. The implications of this for understanding the spatial-49 ecology of badger populations and for the design of disease intervention 50 strategies are potentially significant. 51
including the ability of the host to pass through neighbouring territories, is required. 92
Often, the species dispersal kernel may inform an appropriate width for such a buffer 93 (Pech et al. 2010) . 94 be described. While the efficacy of such buffer zones will depend on many factors 134 (such as culling efficacy, starting density, natural barriers to movement etc.), the 135 dispersal kernel would allow one to estimate an appropriate minimum distance 136 required to ensure site independence to a defined acceptable threshold (Pech et al. 137 2010) . 138
Here we use the largest spatial-scale mark-recapture study of European badgers 139 hitherto undertaken to investigate movement patterns in a medium-density population. 140
We used a repeat subsampling technique to estimate an appropriate minimum spatial-141 scale for badger movement studies in medium-density populations. We fitted two 142 dispersal kernels to estimate the movement probabilities at various distances. 143
Comparisons between dispersal kernels were used to test: 1) if badger dispersal is 144 better characterized by a fat-tailed distribution over an exponentially bounded 145 distribution; and 2) if there was a gender difference between dispersal distributions. 146
We hypothesised that there would be a relationship between study area size and 147 maximum distance moved by badgers reported in the literature, and that this 148 relationship may be confounded by estimated local density. Thus, we reviewed and 149 modelled published data from studied badger populations across Europe to assess 150 whether there is a relationship between study area size and LDDs, while controlling Author Posting. © The Authors 2014. The full text of this article is published in Journal of Animal Ecology. It is available online at http://dx.doi.org/10.1111/1365-2656.12197 badger ecology and programs aimed at controlling the spread and maintenance of bTB 153 within badger populations. 154
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Materials and methods

155
The study area was located in north-western Co. Kilkenny, Republic of Ireland 156 (52°40'N; 7°24'W), and extended over 755km 2 . The eastern boundary of the study 157 area was delineated by the River Nore; a large river (~30m width at Kilkenny City; 158 Mean Annual Flow: 27.1 m 3 /s) that may represent an impediment (but not a barrier) 159 to badger movement, with the exception of bridging points (Sleeman et al. 2009 ). 160
Other boundaries were made up of smaller rivers or roads (non-badger impediments). 161
The land is low-lying at 60-180m ASL and soils are predominantly rich and well 162
drained. Approximately 75% of Co. Kilkenny is farmed (improved grasslands and 163 tillage), and divided by an extensive hedgerow network, while 9.8% of land cover is . Given the lower densities in Ireland, we expected that a two-year no-cull 178 period would allow the population to recover to approximately pre-removal densities. 179
However, it is possible that the population structure was still recovering during the 180 initial period of the study. Effect of study-scale on movement metrics 234 We used a subsampling technique with a circle-sampling frame to investigate the 235 effect of study-scale on metrics of badger movements (Franzen and Nilsson 2007). 236
All subsampling was repeated 1000 times at regular circular area sizes varying from 237 0.5km 2 to 177km 2 . Circular sample frames were increased in size by the addition of 238 500m to the circle's radius. The sub-samples were randomly located, using a random-239 point generator in ArcGIS 9.2 (ESRI, Redlands, California, USA). Only sampling 240 frames containing a movement and completely contained within the study area were 241 used to derive movement statistics. All movement distances >0 km (i.e. not recaptures 242 at the same sett) were included in these statistics. Similarly, only movements 243 completed within sample frames were used to generate movement statistics. We 244 calculated the mean, median, and maximum movement lengths per sub-sampled study 245 area. In addition, we calculated movement statistics for the whole study area 246 (755km 2 ). Finally, we used all movement data available, including data from marked 247 badgers recovered outside the study area (n = 3) to assess the potential largest scale 248 movements within the region. 249 in our case from the sett of capture. However, we restricted the dispersal kernel 264 analysis to only movements >1km (i.e. we invoked a threshold; Calsbeek 2009). 265
Movements <1km are more likely representative of within territory movements, as the 266 mean and median nearest-neighbour distances between main setts within the study 267 area were 841m and 802m respectively (for all setts including non-main setts: mean = 268 367m; median = 268m). These movements were considered within 'patch' 269 movements (sensu Baguette 2003), meaning our approach is similar to those taken 270 during metapopulation dispersal studies (e.g. Baguette, 2003; Calsbeek 2009) . 271
We investigated the dispersal kernels of badgers in this population using two 
Results
309
In total, 1,935 capture events were recorded with 963 individual badgers identified 310 during the study period. Badgers within the study population exhibited sett fidelity, 311 with a slight majority of recapture events (52%) being at the same sett as the previous 312 capture. Of the badgers that moved, the movement frequency distribution was highly 313 skewed with 43% of movements (n = 204) being ≤1km. 314
Using all movements within the study area (755km 2 ; presented in Fig. 1 ), the mean 315 movement distance was 1.67km; the inclusion of recoveries (n = 3) of marked 316 badgers from outside the study area increased the mean to 1.72km. There was no 317 difference in the median movement length whether or not badgers recovered from 318 outside the study area were included in the analysis (both medians = 1.19km). The 319 greater mean length including recoveries from outside the study area was due to one 320 exceptionally long movement of 22.08km. 321
Dispersal Kernel 322
Overall there were 270 movements greater than 1km recorded during the study, which 323 were used to derive dispersal kernels. Of these, the mean and 95%ile attempted 324 dispersal distance were 2.61 km and 7.28 km, respectively. The distribution was 325 highly leptokurtic (kurtosis = 23.99; variance = 4.35). The kernel for these 326 movements was best represented by an IPF (Fig. 2 ). The IPF model had a better fit 327 and smaller AIC (IPF: R 2 =0.87; AIC=199.04) than the NEF model (NEF: F 1, 268 = 328 380.56; p <0.0001; R 2 =0.59; AIC= 554.54). The β of the IPF regression model was 329 <2, indicating that the expected dispersal distance is unbounded. The NEF severely 330 underestimated the fraction of movements at distances 1-2km (∆ prop = -0.29), and Author Posting. © The Authors 2014. The full text of this article is published in Journal of Animal Ecology. It is available online at http://dx.doi.org/10.1111/1365-2656.12197 overestimated the fraction of movements at distances between 2km and 10km (mean 332 ∆ prop = 0.024; Fig. 2 ). The NEF underestimated the probability of LDD attempts at 333 distances ≥10km in comparison with the IPF model. The IPF estimated population 334 probabilities of movement (fraction) of 0.011, 0.005 and 0.003 for dispersal distances 335 of 10km, 15km and 20km, respectively over the period of the study (Table 1) . 336
There was a higher frequency of male movements ≥1km (68%; n=184) than female 337 movements (32%; n=86). IPF models indicated shallower estimated slopes of decline 338 (β) for female badgers than male badgers (Table 1; Fig. 3 ). The 95% CI values did not 339 overlap when kernel models were estimated separately (upper 95% CI for female: -340 1.599; lower 95% CI for male: -1.741). An ANCOVA indicated that this difference 341 between slopes was significant (P <0.001). Similar results were found with NEF 342 models. The Kolmogorov-Smirnov test suggested that the movement distributions 343 were significantly different between the sexes (D f =0.176; P = 0.039). The 95%ile 344 dispersal distance for females was 9.44km; whereas for males the 95%ile was 345 4.37km. These results indicate at movement distances ≥1km that i) male badgers 346 move more frequently than female badgers, ii) females make comparatively more 347 long-distance movements, as a proportion of movements recorded, than male badgers. asymptote at spatial-scales greater than 80 km 2 in size ( Fig. 4A and 4B ; model 357 predicted asymptote sample areas size for mean movements: 132.7 km 2 ; maximum 358 movement: >176.7 km 2 ). The median movement distance increased logarithmically 359 up to 20km 2 , and then increased very gradually thereafter up to 80 km 2 (Fig. 4A) . 360
Many of the longest distance displacements would not have been recorded at scales 361 below this (80 km 2 ) spatial extent (Fig. 4B) . 362
Multi-population analysis: scale, density and LDDs 363 In total, data from 15 badger populations were gathered from the literature (including 364 data from the present study; Table 2 ). The data met the assumptions of the linear 365 model with linearity between outcome and dependent variables (lowess curve), 366 normally distributed residuals and no evidence of heteroscedasticity (all models 367
Cook-Weisberg test: p>0.42). VIF was very low (1.16 -1.17), despite there being a 368 moderate negative correlation between dependent variables (r = -0.38). Overall, the 369 model using mean density as a predictor significantly explained 71% of the variation 370 in the dataset (n = 15; F 2, 12 = 14.79; P < 0.001; r 2 =0.71). Controlling for mean 371 estimated density, there remained a significant positive relationship between study 372 area size and max D (β = 0.02; P = 0.003). Mean density was a marginally significant 373 predictor and was negatively associated with max D (β = -0.22; P = 0.044). Similar 374 model results were found when minimum density (Area: β = 0.02; P = 0.003; Min. 375 density: β = -0.36; P = 0.054) and maximum density (Area: β = 0.02; P = 0.003; Max. 376 density: β = -0.17; P = 0.042) were used as dependent variables in separate models.
Author Posting. © The Authors 2014. The full text of this article is published in Journal of Animal Ecology. It is available online at http://dx.doi.org/10.1111/1365-2656.12197 Figure 5 demonstrates the predicted relationship between maximum D and study area 379 size, while adjusting for estimated mean population density (marginal mean effect). 380
Studies far below the model predicted regression line have shorter reported maximum 381 D than would be expected given study area size and density (Oxford, Gloucestershire 382 2, Brighton and Offaly (see Table 2 )). These studies did not include chance recoveries 383 of animals found outside of the study areas. Studies above the regression line tended 384 to include chance recoveries from outside of the study area (Cork, Gloucestershire 1, 385
Bristol and Kilkenny, but not Białowieża). 386
Discussion
387
European badgers are territorial across much of their geographical range, with many 388 movements occurring within the boundaries of their social group's territory (e.g. 389 Rogers et al. 1998 ). The population studied here exhibited this general trend, with the 390 majority of badgers being recaptured at the same sett where they had been captured 391 previously. When badgers were encountered at a different location, 43% represented 392 movements of ≤1km in length (which are likely within group movements in this 393 population, but could represent intergroup movements in higher density populations). 394
These findings are broadly consistent with previous research on badgers' populations 395 at a range of densities. However, the recording of long-distance movements within 396 this population, and a quantification of the frequency of such movements, is novel and 397 can be attributed to the unprecedented scale of this study. 398
We found that there was a strong relationship between metrics of badger movement 399 (mean, median and maximum D) and the spatial-scale of the subsampled study area 400 within our study. The size of the subsampled area had a particular impact on the 401 distribution of distances moved, fundamentally truncating the movement distribution. 402
According to our data, in order to adequately characterize badger movement 403 distributions, study areas of ≥80km 2 may represent appropriate scales for similar 404 density populations. Currently, many studies of badger movements in Britain and 405
Ireland are undertaken at scales of <20km 2 (Table 2) . In continental Europe, the 406 spatial-scale of badger movement studies has been often greater than 80km 2 . 407
Nonetheless, for logistical reasons, these continental studies can be compromised by 408 small sample sizes (mean number of badgers tracked: 12.5; range: 7-24; data from Author Posting. © The Authors 2014. The full text of this article is published in Journal of Animal Ecology. It is available online at http://dx.doi.org/10.1111/1365-2656.12197 A meta-analysis of the available data in the literature on badger movements indicated 411 that there is a significant relationship between the greatest movement distances 412 recorded (max. D) and the spatial-scale of the study (Table 2) . Though this 413 relationship is confounded by the estimated density of the populations under study 414 because there is a tendency (P = 0.042-0.054) for longer distance movements to be 415 recorded in lower density populations. This pattern may result from an interaction 416 between population 'packing', increasing the resistance to movement between groups 417 (higher 'social viscosity') due to population density, and also due to socio-spatial 418 distribution where lower density populations have larger distances to travel between 419 groups (Ronce 2007 ). Often where long-distance movements have been recorded in 420 higher density populations, they are a result of chance findings (recovery) of marked 421 badgers outside the study area (Table 2) . In low-density populations, badgers are 422 capable of moving large distances in relatively short periods of time (maximum 6.9-423 17.5 km night -1 ; see references in Table 2 ); but typically these distances are travelled 424 tortuously and almost exclusively within their home range (Loureiro et al. 2007 ). It 425 should be noted that, due to the nature of the data collection, many movements made 426 at shorter temporal scales may have been missed during the present study. However, 427 at the spatial scale of the study, the relative frequency of movements across the 428 distribution should not be significantly biased, especially estimates from the IPF 429 which is invariant to marking frequency (Fric and Konvicka 2007). During our study, 430 we recorded a movement by a female badger of 22.1km; to the best of our knowledge, 431 this is the longest displacement recorded for a badger in the British Isles. 432
Sex-biased dispersal is common in the animal kingdom (Greenwood 1980). In birds 433 for example, the tendency is for females to disperse more frequently than males. In English dataset. In our study population, female badgers had higher probability of 450 moving longer distances than male badgers, though there was higher frequency of 451 male movements recorded. This may suggest that sex-biased movement distances in 452 badgers is a scale-dependent phenomenon (biased toward males at intermediate scales 453
and females at larger scales), as found in other animals systems (e.g. common vole apparent discordancy within the literature, but further research is needed to test this 456 (or alternate) hypothesis. 457
In the dispersal kernel analyses, we limited the dataset to badger movements ≥1km in large scales and long time periods if an Eulerian approach is used (i.e. the use of 501 
